Protein structure prediction is a great challenge in molecular biophysics and bioinformatics. Most approaches to structure prediction use known structure information from the Protein Data Bank (PDB). In these approaches, it is most crucial to find a homologous protein (template) from the PDB to a query sequence and to align the query sequence to the template sequence. We propose a profile-profile alignment method based on the cosine similarity criterion, and combine this with a sequence-profile alignment, the secondary structure prediction of the query protein, and the experimental secondary structure of the template protein. Our method, which we call combined alignment, provides good results for the 1107 query-template pairs of the SCOP database and the CASP5 target proteins. They show that combined alignment significantly improves the recognition of distant homology.
I. INTRODUCTION
The problem of predicting the unique threedimensional structure (tertiary structure) of a protein from its amino-acid sequence (primary structure) alone has been one of the most important subjects in molecular biophysics and bioinformatics [1, 2] . The tertiary structure is quite indispensable to an understanding of the function and biological role of the protein [3] [4] [5] . An exponential growth of the protein-sequence database in recent years by far outpaces the experimental determination of the tertiary structures. Therefore, in the field of protein structure investigation it becomes increasingly popular to resort to computational methods as a complementary approach to experimental structure determination. However, ab initio prediction of the tertiary structures based solely on sequence information has not been very efficient so far [1, 2] .
For this reason, most approaches to tertiary structure prediction of proteins are knowledge-based methods [1, 2] , that is, methods based on searching databases to find sequences similar to a query sequence and using the experimentally determined structures of these similar sequences as templates for structure predic- * E-mail: jlee@kias.re.kr; Fax: +82-2-958-3786 tion. The most comprehensive database with known tertiary structures is the RCSB Protein Data Bank (PDB; http://www.rcsb.org/pdb/). Significant sequence similarities of a query sequence with selected sequences in the PDB imply a common evolutionary ancestry (homology) between the corresponding proteins. With experimental techniques becoming more advanced and less timeconsuming for solving protein structures, the growth rate of structural information is expected to rise, making the knowledge-based methods more effective and powerful for proteins with homology.
In knowledge-based methods, it is most crucial to find homologous proteins (templates) and to align the query sequence to the template sequences. Typically, two proteins are evolutionarily related when they have 30 % or greater sequence identity. However, in some cases, similar functions and structures of proteins provide definitive evidence of common ancestry, even in the absence of high sequence identity. Simple pairwise alignment of two sequences of low sequence similarity often provides poor results, consequently failing to recognize hidden structural similarity between them [6] [7] [8] [9] . Various methods have been proposed to improve the alignment and to recognize distant homology of proteins that have low sequence identity but similar structures. A major improvement is the use of a frequency profile or position-specific score matrix derived from multiple sequence alignments. The most notable profile-based method is PSI-BLAST (Position Specific Iterative -Basic Local Alignment Search Tool; http://ncbi.nlm.nih.gov/BLAST/) [10] that simply compares profiles with sequences. Sensitivity for recognizing distant homology is further improved when sequence-profile alignment (aligning one sequence with one profile) or profile-profile alignment (aligning one profile with another profile) is used [11] [12] [13] [14] [15] [16] [17] [18] [19] .
In this study, we propose a profile-profile alignment method based on the cosine similarity criterion, and combine this with a sequence-profile alignment, the secondary structure prediction (local structure of proteins such as α-helix and β-strand) of a query protein, and the experimental secondary structure of the template protein. This combined alignment approach significantly improves the recognition of distant homology, and provides good prediction of protein tertiary structures.
II. METHODS

Definition of a Profile
A profile is a position-specific score matrix (PSSM) P ij , a series of probability distributions over the 20 different kinds of amino acids at the i-th residue (amino acid) of a given protein sequence. The BLOSUM62 substitution matrix [20] is used for probability distribution. PSI-BLAST generates a PSSM with n rows and 20 columns, where n is the size of a protein sequence (number of residues). The column index j (j = 1, 2, . . . , 20) of a PSSM represents its amino-acid types. For example, j = 1 corresponds to Alanine (A), j = 2 to Arginine (R), and so on.
Data Set
The proteins deposited in the PDB can be classified according to their structural similarities. There are several publicly available databases for the classification of protein architectures. Some examples are SCOP (Structure Classification Of Proteins; http://scop.mrclmb.cam.ac.uk/scop/), ASTRAL SCOP (ASTRAL compendium for SCOP; http://astral.stanford.edu), CATH (Class Architecture Topology Homology; http://www.biochem.ucl.ac.uk/bsm/cath/), and FSSP (Families of Structurally Similar Proteins; http://www2.ebi.ac.uk/dali/fssp/).
These structure databases help the detection of distant homology between proteins that are otherwise difficult to identify as evolutionarily related.
They also provide good benchmark tests for protein sequence and structure comparison.
We use the SCOP database to optimize gap penalties between protein sequences during their alignment and to evaluate our method, because SCOP is built by manual inspection and consists of protein domains classified with high quality. In particular, we use ASTRAL SCOP (version 1.63) 30-domain subset [21] , that contains sequences with less than 30 % sequence identity in order to find distant homology. Among the classes of SCOP, four classes (all alpha proteins, all beta proteins, alpha and beta proteins (α/β), and alpha plus beta proteins (α+β)) are selected, and the other classes such as multi-domain proteins, membrane and cell surface proteins, and small proteins are excluded. The domains shorter than 100 residues are discarded, and proteins that have a bad PDB format are removed. The families that include fewer than two different structures are also excluded. The final set consists of 535 families, amounting to 2065 protein domains.
In order to evaluate alignment performance, we use protein tertiary structures modeled by MODELLER (http://www.salilab.org/modeller/). A sequence among the members of a family is selected as query protein sequence and the others are assigned as template protein sequences. The test set for evaluation consists of 1530 query-template pairs. The pairs giving no prediction results are excluded from the evaluation test set. After calculation of the root-mean-square deviation (RMSD) between C α -carbon positions of the predicted structure and the native structure for a protein sequence, the pairs resulting in predictions with RMSD larger than 15Å are also excluded. The final evaluation set consists of 1107 query-template pairs. For gap 1, the value of the factor depends on the identities of the secondary structures of residues 'd' and 't' in the template. For gap 2, the value of the factor depends on the identities of the predicted secondary structures of residues 'I' and 'F' in the query sequence (see text for more details). For match states, the scores are evaluated according to the match score of profileprofile and sequence-profile alignments.
for initiating a gap in a sequence, and the gap extension penalty is a penalty for extending an opened gap. An outside gap is a gap which occurs at the terminal ends of a sequence, and its penalty is set to 0.
Let us consider a case where we want to create a gap between two residues A and B. We set the values of the gap penalties (for gap open and gap extension) depending on the identities of the secondary structures of the residues A and B. To obtain the values of these penalties, we introduce adjustment factors that will be multiplied by the initial values of the gap penalties (for gap open and gap extension). For the template protein sequence, its secondary structure is determined by DSSP (Dictionary of Protein Secondary Structure; http://www.cmbi.kun.nl/gv/dssp/), which employs the following eight-state classification: α-helix (H), 3-10 helix (G), π-helix (I), extended β-strand (E), isolated β-bridge (B), hydrogen-bonded turn (T), bend (S), and all other cases ( ). The adjustment factor for the gap penalties between H, G, E, B and I is set to 1.2, that between T and T to 0.5, and that between T and the others to 0.9. For all the other cases, it is set to 1.0. For a given query sequence, its secondary structure is predicted using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/), which adopts the following three-state classification reduced from the eight-state one: helix (H ← H, G, I), strand (E ← E, B), and coil (C ← T, S, ). If the gap is between Hs or between Es, the adjustment factor is set to 1.15. For all the other cases, it is set to 1.00.
By a grid search method, we have tried varying the value of the gap open penalty between 0.8 and 2.4, with The match score of the combined alignment is calculated as the sum of the profile-profile alignment score and the sequence-profile alignment score (see Figure 2) . The profile-profile alignment score is defined as the value of the cosine similarity criterion,
where u is the µ-th row vector of the profile matrix corresponding to the µ-th residue of the query sequence and v the ν-th row vector of the profile matrix corresponding to the ν-th residue of the template that is matched to the µ-th residue of the query sequence. Therefore, we have
where Q and T are the profile matrices (PSSM) for the query and template sequences, respectively. In profileprofile alignments, many criteria such as Pearson's correlation coefficient [14] , dot-product score [12] , and divergence score [11] have been used to estimate similarity between two profiles. Profile-profile alignment using the cosine similarity criterion is rather similar to the dotproduct score.
In addition to the profile-profile alignment score, we consider the sequence-profile alignment score as follows. We pick up the ν-th row vector of the profile matrix representing the ν-th residue of the template protein that is aligned to a given (µ-th) residue of the query sequence. Among 20 components of the ν-th row vector, the component T νj corresponding to the amino acid j identical to the µ-th residue of the query is the raw score for the sequence-profile alignment. We rescale the raw score by dividing it by 11 (the maximum value of elements in the BLOSUM62 matrix). The final score for the sequenceprofile alignment is multiplied by a weighting factor W ,
The gap open penalty and the gap extension penalty in the sequence-profile alignment are set to 11 and 1, respectively. Finally, the match score is given by
We have tried W = 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5. These values produce results that are nearly independent of W . In this work we set W = 0.1.
III. RESULTS AND DISCUSSION
To obtain the optimized values of gap penalties, we have modeled the tertiary structures of the 1107 querytemplate pairs selected in subsection II.B using MOD-ELLER. By enumerating all 63 grid values of gap open penalty (0.8, 1.0,...,2.4) and gap extension penalty (0.01, 0.05,...,0.25) we have calculated C α RMSD between the predicted structure and the native structure on the evaluation set consisting of 1107 query-template pairs. This procedure has been performed by using two sequencealignment methods: combined alignment and profileprofile alignment based on the cosine similarity criterion. The calculated RMSD values are averaged (see Figure  3 ) and the parameters providing the minimum value of RMSD are selected as optimal values. The final optimized gap penalty parameters are 1.35 for the gap open penalty and 0.08 for the gap extension penalty, in both alignment methods.
We assess the performance of the combined alignment method by using the optimized gap penalties. The combined alignment approach significantly improves the recognition of distant homology and provides good prediction results, as shown in Figure 4 . It shows the average RMSD values obtained for the evaluation set of 1107 pairs. According to the figure, combined alignment is the best method for recognizing distant homology missed by the MODELLER alignment and the sequence-profile alignment [13] . Profile-profile alignment with the cosine similarity criterion is also shown to be very efficient, which plays a pivotal role in the success of the combined alignment. The profile-profile alignment is based on the 20 components of a row vector of the profile, where the corresponding component to a query residue is more important than the others. In the combined alignment, the importance of the corresponding component is accounted for by adding the sequence-profile alignment score to the profile-profile alignment score. Adjustment of the gap penalty parameters depending on the identities of protein secondary structure is an improved and modified approach which merits being investigated more extensively in the future. The combined alignment produces the best alignment by matching residues having the greatest similarity. Figure 5 shows a comparison between the combined and MODELLER alignments, and between the Fig. 5 . Histograms of (i) the RMSD value from the combined alignment minus the RMSD value from the MOD-ELLER alignment (dashed line) and (ii) the RMSD value from the sequence-profile alignment minus the RMSD value from the MODELLER alignment (solid line), for each pair of the evaluation set. The unit of the horizontal axis isÅ. The histogram of the RMSD value from the profile-profile alignment minus the RMSD value from the MODELLER alignment is omitted for clarity, since it is similar to the histogram obtained using the combined alignment.
sequence-profile and MODELLER alignments, for each pair of the evaluation set. The comparison between the profile-profile and MODELLER alignments is omitted in the figure, for clarity, since it is similar to that between the combined and MODELLER alignments. According to the figure, the sequence-profile alignment shows inferior performance to the MODELLER alignment for many pairs of the evaluation set.
For another test, we selected six CASP5 targets (http://predictioncenter.llnl.gov/casp5/), consisting of a single domain with less than 30 % sequence identity to proteins in the PDB. The templates for these targets are as follows (target name, SCOP domain ID): (T0138, d1dbwa ), (T0150, d1ck2a ), (T0153, d2euwa ), (T0167, d1jeoa ), (T0176, d1jrma ) and (T0177, d1kona ). The results are summarized in Table 1 . On average, the combined alignment method performs best. The results for the MODELLER alignment for T0138 are not available because the PDB file of the template has a bad format and MODELLER produces no result. For the T0177 target, the results of the combined alignment and the profile-profile alignment are significantly improved, compared to the MODELLER alignment.
IV. CONCLUSION
In this paper, we propose a profile-profile alignment method based on the cosine similarity criterion, and combine the result of this alignment with the other ingredients: sequence-profile alignment and readjustment of Table 1 . Results for the CASP5 targets. Numbers are Cα RMSD values inÅ. The combined alignment, the sequenceprofile alignment, the profile-profile alignment with the cosine similarity criterion, and the MODELLER alignment are denoted by 'combined', 'S-P', 'P-P' and 'MODELLER', respectively. The result of the MODELLER alignment for T0138 is not available. alignment gap penalties based on various types of secondary structure information. The proposed combined alignment method may detect proteins related by distant homology, which are difficult to identify by other methods.
